Abstract Knowledge about the genetic diversity and structure of crop cultivars can help make better conservation decisions, and guide crop improvement efforts. Diversity analysis using microsatellite markers was performed to assess the level of genetic diversity in sweet potato in Uganda, and evaluate the genetic relationship between the Uganda's germplasm and some genotypes obtained from Kenya, Tanzania, Ghana, Brazil and Peru. A total of 260 sweet potato cultivars were characterized using 93 microsatellite loci. The Ugandan collection showed a large number of distinct landraces, and very low (3 %) levels of genetic diversity between genotypes obtained from the different agro-ecological zones. There was low (6 %) levels of genetic diversity observed between the East African genotypes; however unique alleles were present in collections from the various sources. Pairwise comparisons of genetic differentiation indicated that Uganda's germplasm was significantly different (P \ 0.001) from cultivars from Tanzania, Ghana, Brazil and Peru. The presence of unique alleles in populations from various Uganda's agro-ecological zones and other global regions, as well as the regional diversity patterns, suggest that efforts should be made to further collect and characterize the germplasm in more depth.
Introduction
A germplasm collection of crop cultivars with varying environmental adaptive capacity can be both a source of genes for future crop improvement, as well as a critical resource for farmers. The highest levels of genetic diversity for the majority of the important global food crops is in the South, where crop centers of origins are commonly found, and centers of diversity emerged due to prolonged periods of farmer selection (FAO 2008) .
Sweet potato, Ipomoea batatas (L.) Lam., is the fifth most important food crop in terms of weight harvested in Eastern Africa (FAO 2012) . Sweet potato was introduced to the East African borders from South America by Portuguese explorers during the 16th century (Zhang et al. 2004) . The oldest remains of sweet potato have been found in the caves of the Chilca Canyon in Peru and dated as 8,000 years old (Lebot 2010) . However, based on morphological relationships among related species, the center of origin appears to be between the Yucatan Peninsula in Mexico and the Orinoco River in Venezuela (Austin 1977) . It is also in that region that the wild species of the section Batatas, considered as putative ancestors and wild relatives of the cultivated sweet potato, are found (Andersson and de Vicente 2010) . Evaluations of genetic diversity patterns among germplasm from different parts of the world have resulted in the suggestion that China, Southeast Asia, New Guinea and East Africa are secondary centers of diversity (Yen 1982; Austin 1983) .
Uganda has the highest production per capita in Sub-Saharan Africa and numerous, diverse sweet potato landraces are grown. In 2005, the national sweet potato program collected over 1,300 landraces, which were characterized using morphological methodologies to determine the level of genetic diversity and 946 of these were found to be morphologically distinct genotypes (Yada et al. 2010a ). This high level of diversity can be attributed primarily to the allogamous and hexaploidy nature of sweet potato (Lebot 2010) , as well as variations in farmers' preferences (Veasey et al. 2008) . The method of propagation by vine cuttings contributes also indirectly by maintaining cultivar diversity.
Knowledge about the genetic diversity and structure of existing crop cultivars can aid in making better conservation decisions, and help direct breeding programs. Characterization of crop diversity can be achieved through morphological and molecular tools. Morphological characterization is an important first step in assessment of diversity; however there are major limitations in relying only on morphological characterization including low levels of polymorphism, low repeatability, late expression for certain traits; phenotypic plasticity and parallel evolution (Karuri et al. 2010; Yada et al. 2010b) . A number of molecular markers including random amplified polymorphic DNAs (RAPDs), restriction fragment length polymorphism (RFLPs), amplified fragment length polymorphism (AFLP), microsatellites or simple sequence repeats (SSRs), single nucleotide polymorphisms (SNPs) have been developed and used to complement morphological characterization. Selection of any particular DNA marker in a crop depends largely on the objective of the research, available resources and technical skills (Otoo et al. 2009 ).
In sweet potato research, a number of molecular markers have been used to study the crop's genetic diversity including RAPDs (Connolly et al. 1994; Gichuki et al. 2003; He et al. 2006) , DNA amplification fingerprinting (DAF) (He et al. 1995) , AFLPs (Zhang et al. 2004 , Elameen et al. 2008 , inter simple sequence repeats (ISSRs) (Hu et al. 2003) , selective amplification of microsatellite polymorphic loci (SAMPL) , and SSRs markers (Gichuru et al. 2006; Veasey et al. 2008 ) and microsatellites or SSRs (Jarret and Bowen 1994; Buteler et al. 1999; Hu et al. 2004; Yada et al. 2010b; Tumwegamire et al. 2011) .
Sweet potato is a hexaploid (2n = 6x = 90) crop believed to have originated from natural hybridization between several wild species (Lebot 2010) . There are three hypotheses for generation of hexaploid sweet potato: autopolyploidy (Kobayashi 1983; Kawase 1987, 1989) ; allo-autopolyploidy (Schafleitner et al. 2010 ) and allopolyploidy (Austin 1977; Nishiyama 1971; Srisuwan et al. 2006; Gao et al. 2011) . The hexaploid nature of sweet potato and the complexity of its genomic makeup create a challenge when using molecular markers for germplasm characterization (Lebot 2010) . However, SSR markers have proved to be useful in unveiling genetic relationships that are closely similar to morphological characterization in hexaploid Guinea yam Dioscorea rotundata Poir. (Mignouna et al. 2003) and detection of polymorphism in sweet potato (Veasey et al. 2008) . Small sets of SSR markers, as low as 10 primer pairs, have been found to efficiently trace the movement of specific alleles between populations (Lebot 2010) , and distinguish distinct individuals within a population (Yada et al. 2010b ).
In Uganda, two studies have previously used SSR markers to analyze the genetic diversity of the sweet potato germplasm in Uganda. One study focused on assessed the genetic relationship among 192 selected superior landraces (high yielding, sweet potato virus disease or Alternaria blight disease resistance, or high dry matter content) and concluded that there were 190 distinct landraces (Yada et al. 2010b ). The second study used 75 cultivars from the same collection to assess the genetic relationship between East African orange-fleshed and the white-fleshed landraces, and how they related to cultivars from China, USA, Papua New Guinea and Peru (Tumwegamire et al. 2011) . They found that the orange-fleshed types which were first developed in Kenya were distinct from those of non-African origin, and that orange-fleshed and whitefleshed landraces from East Africa are closely related. Since 1995, the national breeding programme has released twenty cultivars ). Most of these cultivars (Sowola and NASPOT 1 to 11) were selected from bulked seed from a polycross between 18 and 24 parents.
The purpose of this study was to use SSR markers to determine the structure of genetic diversity in Ugandan's sweet potato, to assess genetic relationship between landraces and the released cultivars in Uganda, as well as to relate it to germplasm from other parts of the world. This information can be used to make recommendations that will improve and possibly enhance efficient low-cost conservation of sweet potato diversity.
Materials and methods

Plant material
Using the collection database maintained by the Sweet potato Program in the National Crop Resources Research Institute at Namulonge, a total of 168 Ugandan genotypes were selected based on three categories: response to weevil infestation (Muyinza et al. 2012) ; agro-ecological zone (Yada et al. 2010a) ; and varietal classification . Landraces were selected from the five major sweet potato growing agro-ecological zones of Uganda: northern region; eastern region; central region; western region; and southern region. To determine their genetic relationship with genotypes from other parts of the world, the Ugandan genotypes were compared with genotypes from other sweet potato growing African countries, Brazil and Peru. Improved cultivars were selected from bulked seed of three different polycrosses, each containing between 18 and 24 parents (Mwanga et al. 2003 (Mwanga et al. , 2009 . Planting material of selected cultivars was grown in a screen house for 2 months and young leaves were put immediately on ice and stored at -80°C until DNA extraction.
DNA extraction and simple sequence repeat (SSR) amplification
Genomic DNA was isolated from 200 mg of frozen leaf tissue using a modified CTAB method (Doyle and Doyle, 1990) , according to (Yada et al. 2010b) . A total of 308 DNA samples were quantified, diluted to 20 ng/ll and prepared for polymerase chain reaction (PCR) amplification. 31-labeled SSR primer pairs used in previous sweet potato studies (Karuri et al. 2010; Yada et al. 2010b; Tumwegamire et al. 2011 ) for DNA amplification were tested andonly 19 SSR markers (Table 1) were selected and used in this study. Other SSR markers were rejected due to non-specific amplification or for being monomorphic. A total reaction volume of 10 ll containing 1 ll of the 10X PCR buffer (10 mM Tris-HCl pH 9.0, 30 mM KCl, 1.5 mM MgCl 2 ), 0.1 ll of lyophilized 5 U/ll of Taq DNA polymerase, 0.2 ll of 10 mM dNTPs, 0.5 ll of 10 lM of the primers, 2.5 ll of 20 ng/ ll DNA template and 5.7 ll of double distilled water, was used for PCR. The PCR program was set as follows: 94°C for 3 min for initial denaturation, followed by 35 cycles each consisting of denaturation at 94°C for 30 s, annealing at the indicated temperature for each primer pair (Table 1 ) and polymerization at 72°C for 30 s, and then final extension at 72°C for 20 min. Amplified PCR products were prepared for each DNA sample and used for fragment analysis using an ABI 3730 capillary sequencer (Applied Biosystems).
Allele scoring and data analysis Genemapper v3.7 software (Applied Biosystems) was used for peak detection and fragment size estimation. AlleloBin software ) was used to correct any errors in the scored alleles due to slippage of DNA polymerase during PCR (Schlotterer and Tautz 1992) . Analyses were performed using two methods of data coding that were previously employed to describe diversity in polyploids (Esselink et al. 2004; Jørgensen et al. 2008; Kloda et al. 2008; García-Verdugo et al. 2009; Sampson and Byrne 2012) . Firstly, the multilocus data were transformed into binary arrays of the presence/absence of an allele for each individual, using ALS-Binary software .
Secondly, the MAC-PR (microsatellite DNA allele counting-peak ratios) method (Esselink et al. 2004 ) was employed to obtain allele-dosage of 16 markers for each of the polyploidy individuals. The MAC-PR method makes use of the quantitative values for peak areas provided by the GeneMapper software. For each locus, all alleles were analysed in pairwise combinations in order to determine their copy numbers in the individual samples. This was accomplished by calculating ratios between peak areas for two alleles in all samples where these two alleles occurred together. Access to individuals with six different alleles or three different alleles provided a baseline for calculating the single-and double copy dosage, respectively.
The binary data was used to determine the polymorphic information content (PIC), which is the measure of the usefulness of each marker in distinguishing between individuals that was formulated by Weir (1996) as:
where PIC i is the PIC of a marker i; P ij is the frequency of the jth pattern for marker i, and the summation extends over n patterns. The standard measures of genetic diversity for each population included number of polymorphic loci (P), percentage of polymorphic loci (%P) and Nei's (1973) gene diversity (D), estimated from binary data using GenAlex 6.4 (Peakall and Smouse 2006). Analysis of molecular variance (AMOVA) was also performed using GenAlEx version 6.4 to estimate the total variance and distribution of diversity within and between populations. Wright's F-Statistic (F ST , fixation index) was also computed, using GenAlEx software, to estimate the amount of genetic variance that can be explained by population structure (Holsinger and Bruce 2009).
where H I is the mean observed heterozygosity per individual within subpopulations and H T is the expected heterozygosity in a random mating total population. F ST can range from 0.0 (no differentiation) to 1.0 (complete differentiation, that is, subpopulations fixed for different alleles). The phylogenetic relationship among populations was assessed using DARwin version 5 (Perrier and Jacquemoud-Collet 2006) . Similarity matrices were constructed from the binary data with Jaccard's coefficients (Jaccard 1908 ). Jaccard's coefficient = N ab /(N a ? N b ), where N ab is the number of alleles shared by two individuals a and b, N a is total number of alleles in sample a, and N b is total number of alleles in sample b. Genetic distances between populations were obtained by computing the usual Euclidian distance matrix based on haplotype frequencies. From this matrix, a dendrogram was constructed using the neighbor joining method (NJ) from Saitou and Nei (1987) . The significance of each node was evaluated by bootstrapping data over a locus for 5,000 replications of the original matrix. We examined hierarchical genetic variation between individuals using the un-weighted pair group method analysis (UPGMA), as suggested by Sneath and Sokal (1973) . Clustering patterns of individuals and populations were examined using STRUCTURE version 2.3.3 (Pritchard et al. 2000) , which is reported to have the capability to generate population structuring (Pritchard et al. 2009 ). Using the allele dosage (MAC-PR) data for each individual, individuals were assigned probabilistically to genetic clusters (K). The STRUC-TURE program was run using no prior assumptions of population structure with an admixture ancestry model and the recommended methods for recessive alleles, and allele frequencies correlated. The analysis was used to determine whether biologically relevant clusters could be determined among the plants sampled, and establish the proportion of an individual's genome (Q) that originated from each cluster. For all analyses, the Markov chain Monte Carlo (MCMC) parameters were set to a burn-in period of 50,000 with 50,000 iterations. The optimum K, indicating the number of true clusters in the data, was determined from 20 replicate runs for each value of K (K set to 10) using the method described by Evanno et al. (2005) and the ad hoc Quantity Delta K, based on the rate of change in the log probability of the data between successive K values. Parameters of the method of Evanno et al. (2005) were calculated using the program Structure Harvester version 0.6.92 (Earl and vonHoldt 2012). Similarity among different runs was calculated by the method of Jakobsson and Rosenberg (2007) as used in their computer program CLUMPP 1.1.2. This method calculates a similarity coefficient h 0 , which allows the assessment of the similarity of individual runs of the program STRUCTURE. The optimal alignment of 20 replicates of K values was determined using the computer program CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007 ) and clusters were visualized using the program DISTRUCT 1.1 (Rosenberg 2004 ).
Results
SSR markers amplification
A total of 107 alleles were scored for the 19 SSR markers ( Table 2 ). The number of alleles per locus ranged from 3 to 9. Three markers had very low PIC; IB-S07 (0.22), JB1809 (0.19) and IBSSR09 (0.31) thus were excluded from further analyses.
Determining relatedness between cultivars in Uganda A total of 10 newly improved cultivars released by the national program were compared with 158 Ugandan landraces. The unweighted neighbor joining (NJ) algorithm cluster analysis generated numerous clusters (Fig. 1) . Improved cultivars were scattered into many of these clusters together with landraces. Noteworthy (6/10) improved cultivars were grouped together with a Kenyan cultivar Kakamega, which was purposely included in this analysis because it is a known maternal parent for many of these improved cultivars.
Genetic relationship between genotypes from Uganda's agro-ecological zones and cultivars collected from other East African countries Analysis of Molecular Variance (AMOVA) indicated that only 6 % of the genetic variation was explained by differences among the sources (Table 3) . Analysis of the sixteen microsatellites yielded a total of 93 presumptive loci in the 228-sweet potato genotypes from the eight predefined populations (Table 4 ). An average of 70 polymorphic loci was observed in each population. The level of genetic diversity varied among the different populations. Most regions in Uganda had populations with few unique alleles (1-4), except the south-western region, which had none. Tanzanian cultivars also had few unique alleles (4), but had the highest level of heterozygosity (D). Overall the level of heterozygosity (D) for the collected samples was low. The significant difference between the cultivars from Tanzania and the populations from Uganda and Kenya is clearly shown in the genetic distance matrix (Fig. 2) .
Genetic relationship between Ugandan genotypes and cultivars collected from elsewhere Analysis of Molecular Variance (AMOVA) indicated that only 24 % of the genetic variation was explained by differences among the countries ( (Table 6 ). The Jaccard's similarity coefficients ranged from 0.0 to 0.95 with a mean of 0.56. More than 70 % of the pair-wise similarity coefficients were between 0.50 and 0.63. The dendrogram generated by DARwin software revealed three clusters (Fig. 2) . To efficiently visualize the results, the dendrogram was pruned from the complete tree to show clustering only between genotypes that had bootstrap values greater than 60. This pruned tree showed similar broad clustering patterns as the complete tree (data not shown). East African germplasm and cultivars from USA were found in Cluster A, the majority of cultivars from Brazil and Peru were in cluster B while most Ghanaian cultivars were found in Cluster C.
The Bayesian model of STRUCTURE (Pritchard et al. 2000) assigned the individuals to two major genetic clusters, as the highest Delta K was observed at K = 2. All individuals appeared to have a component of both clusters in their genome; however, the Ugandan and Kenyan cultivars had a very high proportion of their genome originating from cluster K1, Brazil, Ghana and Peru had a very high proportion of their genome originating from cluster K2, while Tanzanian cultivars were composed of a mixture of the two clusters (Fig. 3) .
Discussion
The number of alleles per primer pair observed in this work is close to that obtained by Yada et al. (2010b) using the same SSR markers. However, our number of alleles varies somewhat from those reported by Tumwegamire et al. (2011) on similar sweet potato germplasm using the same markers. Higher number of alleles was observed for some markers in this work and this is likely due to a larger genotype sample size and a higher resolution of DNA fragment. Yada et al. (2010b) assessed 192 samples using the ABI system similar to what was used in this work, while Tumwegamire et al. (2011) screened 75 samples with the LiCOR system.
A total of 92 out of 106 markers were highly polymorphic, which confirms the high discriminating power of the SSR markers Gichuru et al. 2006 , Veasey et al. 2008 , Yada et al. 2010a Tumwegamire et al. 2011 ). Hwang et al. (2002) suggested that the high level of polymorphism of molecular markers in sweet potato was due to its large genome size and high levels of heterozygosity. Such high levels of heterozygosity would be expected if the sweet potato is an allopolyploid as many suggest (Austin 1977; Nishiyama 1971; Srisuwan et al. 2006; Gao et al. 2011 ) and high levels of heterozygosity would be maintained by the common practice of vegetative propagation of sweet potato. In addition, the mating system of sweet potato, which is outcrossing due to frequent self-incompatibility, would support high levels of heterozygosity.
There was a low mean genetic similarity coefficient of 0.56 between the Ugandan cultivars and cultivars from other African countries, similar to that observed by Tumwegamire et al. (2011) . This suggests that there is a large amount of sweet potato genetic diversity in Uganda that needs to be preserved. Very few Ugandan landraces had high genetic similarity coefficients (\0.05) with other cultivars, suggesting that there is high level of genetic diversity being maintained by the farmers. This observation was supported by the AMOVA results, which showed over that 94 % of the variation was found within populations. Similar results were observed in previous studies assessing East African germplasm (Gichuru et al. 2006; Tumwegamire et al. 2011) . The high level of genetic diversity within a given gene pool is influenced by a number of factors such gene flow through intra-specific introgression, and movement of plant materials between localities during farmer plant material exchange and levels of farmer selection (Gichuru et al. 2006; Veasey et al. 2008) . Landrace exchange can explain our observation that a number of b Fig. 2 A dendrogram Ugandan landraces had high genetic similarity with cultivars from Kenya, Rwanda and Tanzania. While the majority of genetic diversity was spread evenly across Uganda and East Africa, there were distinct regional clusters of genotypes. Pairwise comparisons of genetic differentiation among regions indicated that cultivars from Tanzania were significantly different (P \ 0.001) from all the Ugandan populations and the Kenyan one; Uganda's germplasm was significantly different (P \ 0.001) from cultivars from Brazil, Peru and Ghana. This suggests that the same genes were being assorted in different arrays in the various regions.
Even though sweet potato was likely introduced into Africa from Brazil, we observed substantial differentiation between the Brazilian cultivars and all of the African populations. This could be explained by the low representation of the Brazilian germplasm, which in this study consisted of only 22 genotypes. Another explanation for the higher degree of differentiation among populations is that the sweet potato gene pool evolved to local conditions and human preferences as it was spread from America throughout Africa. This would explain why the majority of the American cultivars were found in one cluster, and most of the East African germplasm were found in another cluster. However, some of the cultivars from Tanzania clustered more closely with the American group. This may be because the Tanzanian collection contained ancient genotypes that have been cultivated in isolation on some of Tanzania's islands. The Ghanaian germplasm was more closely related to the American cultivars than with the East African genotypes, although they still formed a unique cluster. The cultivars from the USA had a higher genetic similarity with the East African germplasm compared with other American genotypes, probably because these genotypes were introduced in Uganda about 15 years ago and have been used as paternal parents in the polycrosses (Mwanga et al. 2003) . It is likely that hybridization and introgression has occurred between these genotypes and Ugandan germplasm.
The majority of the improved cultivars in Uganda were found in one cluster probably because of by the source of parents used in breeding the improved cultivars. These improved cultivars were generated from a polycross of a single cultivar crossed with 18-24 parents including introductions from other parts of the world (Mwanga et al. 2003 (Mwanga et al. , 2009 . For example NASPOT 7-11 were generated from a polycross of 24 parents with 'Kakamega' (a Kenyan landrace) as the maternal parent. The cross, included 'Zapallo' (from Peru), 'Beauregard' and 'Jewel' (from USA), and three introductions from the International Institute of Tropical Agriculture (IITA) based in Nigeria. Hence, it is quite remarkable to note the level of genetic diversity present in this relatively small and interbred sample of improved cultivars. This Pritchard et al. 2000) . BR, PE, GH, TZ, KE, AF, and UG stands for Brazil, Peru, Ghana, Tanzania, Kenya, other African countries (Mozambique and Rwanda) and Uganda, respectively. Other cultivars were obtained from USA. Each individual is represented as a vertical bar and the shading correspond to its membership probabilities in clusters K1 (light) and K2 (dark) finding is of particular significance for genetic diversity conservation because farmers are likely to gradually shift from their poor performing cultivars to improved ones. The three sub-clusters identified, which were composed of only landraces also suggests that there is still a large genetic diversity in Uganda that has not been tapped by breeding programs.
Conclusions
Overall, the sweet potato has high levels of genetic diversity. However, the presence of unique alleles in populations from various Uganda's agro-ecological zones and other global regions, as well as the regional diversity patterns, indicates the value of collecting and characterizing the germplasm in more depth. The use of microsatellite marker data can be particularly useful to make better choices of what needs to be preserved in order to increase genetic diversity and representation of landraces across Africa. These genotypes need to be incorporated in the collections at the national gene bank and managed to ensure their long-term conservation. Finally, the origin of sweet potato germplasm in East Africa doesn't appear to be strictly of a single Brazilian origin but rather successive introduction from several sources.
